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HIGHLIGHTS 


►  Nanocrystalline  LSC  was  synthesized  by  salt-assisted  spray  pyrolysis  method. 

►  Thin-film  LSC  cathodes  were  prepared  by  spin  coating  of  stabilized  dispersions. 

►  There  is  no  need  for  sintering  of  the  LSC  thin  films  to  obtain  the  desired  phase. 
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Nanocrystalline  Lao.6Sr0.4Co03_<5  (LSC)  powder  with  an  ultrafine  microstructure  is  synthesized  via  salt- 
assisted  spray  pyrolysis  and  subsequently  stabilized  in  water-based  dispersions.  Nanoparticulate 
cathode  thin  films  of  LSC  and  LSC— GDC  (gadolinium  doped  ceria)  nanocomposites  (with  10-40  wt%  of 
GDC)  are  prepared  via  single  step  spin  coating  on  yttria  stabilized  zirconia  (YSZ)  substrates.  In  order  to 
prevent  the  chemical  reaction  between  the  cathode  and  the  electrolyte,  a  thin  buffer  layer  of  GDC  is 
deposited  using  spin  coating  on  the  YSZ  substrates.  The  electrochemical  performance  of  the  thin  film 
cathodes  is  measured  by  impedance  spectroscopy  on  symmetrical  cells  in  the  temperature  range  of  450 
-650  °C.  LSC  cathode  thin  films  (250  nm  thick)  with  30  wt%  GDC  content  exhibit  the  lowest  area  specific 
resistance  (ASR)  values  of  0.32,  0.78  and  2.04  Q  cm2  in  ambient  air  at  650,  600  and  550  °C,  respectively. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  have  been  investigated  extensively 
for  the  efficient  and  clean  generation  of  electricity.  Recently,  micro¬ 
solid  oxide  fuel  cells  (micro-SOFCs)  have  drawn  increasing  atten¬ 
tion  as  an  alternative  system  for  small-scale  mobile  power  gener¬ 
ation  [1—14].  The  high  efficiency  of  micro-SOFCs  and  the  utilization 
of  high  energy  density  fuels  give  rise  to  higher  energy  density 
power  sources  compared  to  conventional  rechargeable  Li-ion 
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batteries  [15].  Therefore,  micro-SOFCs  are  anticipated  to  help 
satisfying  the  increasing  energy  demand  for  small  portable  elec¬ 
tronic  devices  with  low  power  requirements  such  as  mobile 
phones,  laptops  and  personal  digital  assistants  [16].  In  order  to 
simplify  thermal  management  in  such  devices,  the  operating 
temperature  has  to  be  reduced  below  600  °C.  In  the  past,  a  main 
strategy  to  reduce  the  operating  temperature  has  been  the  use  of 
thin-film  solid  electrolytes  [17—19].  Thus,  the  ohmic  losses  are 
minimized  within  the  cell  by  decreasing  the  length  of  the  diffusion 
path  of  oxygen  ions.  Besides  cutting  down  the  ohmic  resistance,  the 
reduction  of  polarization  losses  at  the  electrodes  can  also  facilitate 
lower  operating  temperatures.  Therefore,  alternative  cathode 
materials  with  improved  catalytic  properties  have  been  developed. 
Especially  cathode  materials  with  mixed  ionic  and  electronic 
conductivity  (MIEC)  such  as  strontium  doped  lanthanum  cobalt 
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oxide  (Lao.6Sro.4Co03_,5)  shows  enhanced  oxygen  reduction  kinetics 
compared  to  the  conventional  cathode  material  LSM 
(Lai_xSrxMn03±<5)  by  providing  an  additional  pathway  through  the 
bulk  of  the  perovskite  structure  [20,21]. 

Several  studies  evidenced  that  oxygen  reduction  kinetics  are 
governed  by  the  oxygen  exchange  at  the  perovskite/air  interface 
[22-25]  for  Lai_xSrxCoi_yFey03±<5  electrodes.  Thus  the  electro¬ 
chemical  performance  may  be  enhanced  either  by  increasing  the 
electrode  thickness  [22]  or  by  reducing  the  LSC  grain  size  [23].  The 
second  approach  is  favored  in  free-standing  micro-SOFC  for  which 
the  thickness  has  to  be  kept  below  500  nm  (typically)  in  order  to 
maintain  the  thermomechanical  stability  of  the  cell  [26]. 

Therefore,  in  order  to  enhance  the  electrode  performance 
nanoparticles  have  been  considered  as  their  high  surface  area  to 
volume  ratio  creates  a  large  number  of  sites  for  oxygen  exchange. 
Various  solution-based  methods  such  as  sol-gel,  precipitation  and 
hydrothermal  routes  have  been  extensively  investigated  for  the 
synthesis  of  nanoparticles.  The  major  disadvantage  of  liquid-phase 
synthesis  is  the  formation  of  hard  agglomerates  of  the  ultrafine 
particles  [27],  which  leads  to  substantial  reduction  of  the  active 
surface  area.  As  an  alternative,  several  vacuum-based  thin  film 
deposition  methods  have  been  reported  for  the  preparation  of  thin- 
film  cathodes,  such  as  pulsed  laser  deposition  [21,28-32]  and 
sputtering  [5,33].  Flowever,  these  methods  are  not  cost-effective 
and  not  easy  to  scale  up.  From  the  application-oriented  perspec¬ 
tive,  spray  pyrolysis  is  a  more  versatile  and  inexpensive  process  for 
the  synthesis  of  a  variety  of  materials  in  various  morphologies.  In 
the  conventional  spray  pyrolysis  method,  a  solution  of  precursors  is 
nebulized  into  droplets  and  continuously  carried  into  a  hot  reaction 
zone  where  the  decomposition  of  the  precursors  and  the  formation 
of  the  particles  occur  [34,35].  The  final  particle  size  depends  on  the 
initial  precursor  droplet  size  which  is  typically  in  the  range  from 
micrometer  to  sub-micrometer  [34].  These  particles  are  composed 
of  nanocrystallites  which  are  typically  strongly  agglomerated  and 
which  are,  in  most  cases,  practically  inseparable.  Flowever,  it  has 
been  recently  reported  that  the  utilization  of  inert  inorganic  salts  in 
the  precursor  solutions  leads  to  the  fragmentation  of  agglomerated 
particles  into  much  smaller  nanoparticles  [36-38].  This  modified 
synthesis  route  is  known  as  salt-assisted  spray  pyrolysis  (SASP). 
This  novel  synthesis  technique  depends  on  the  distribution  of  salt 
on  the  surfaces  of  the  nanoparticles,  which  effectively  prevents  the 
agglomeration  of  the  nanoparticles  during  the  synthesis. 

The  aim  of  this  study  is  to  synthesize  and  investigate  the 
structure  and  the  electrochemical  performance  of  LSC  and  LSC— 
GDC  nanocomposite  cathode  thin  (<500  nm)  films  based  on 
agglomerate-free  LSC  nanoparticles  synthesized  via  salt-assisted 
spray  pyrolysis  method.  The  electrodes  were  prepared  by  spin 
coating  of  stabilized  nanodispersions  and  the  electrochemical 
performance  of  symmetrical  cells  was  evaluated  using  impedance 
spectroscopy. 

2.  Experimental 

2.1.  Salt-assisted  spray  pyrolysis  of  LSC  nanopowder 

The  precursor  solution  is  prepared  from  La(N03)2-6H20  (99.99%, 
Sigma-Aldrich  Chemie  GmbFI,  Steinheim,  Germany),  Sr(N03)2 
(>99%,  Sigma-Aldrich  Chemie  GmbH,  Steinheim,  Germany)  and 
Co(N03)2-6H20  (>98%,  Sigma-Aldrich  Chemie  GmbH,  Steinheim, 
Germany).  The  nitrates  are  dissolved  in  deionized  water  at  room 
temperature  to  yield  a  total  cation  concentration  of  0.05  M.  The 
molar  ratio  of  cations  is  adjusted  to  acquire  the  final  composition  of 
Lao.6Sro.4Co03_,5.  Sodium  chloride  (NaCl,  >99.5%,  Sigma-Aldrich 
Chemie  GmbH,  Steinheim,  Germany)  is  added  to  the  precursor 
solution  as  an  inert  inorganic  salt.  The  concentration  of  NaCl  in  the 


precursor  is  adjusted  to  1.0  M.  The  spray  pyrolysis  setup  consists  of 
a  nebulizing  chamber,  a  pyrolysis  zone,  and  a  powder  collection 
chamber.  In  the  nebulizing  chamber,  the  precursor  solution  is  in 
contact  with  a  piezoelectric  transducer  and  ultrasonically  nebulized 
at  1.6  MHz.  The  misted  precursor  droplets  are  continuously  carried 
into  a  hot  tubular  pyrolysis  zone  using  oxygen  flow  rate  of 
5.0 1  min-1.  The  precursor  feed  rate  is  kept  constant  at  0.5  ml  min-1. 
The  pyrolysis  zone  consists  of  an  alumina  tube  placed  in  a  three- 
zone  tube  furnace  with  a  heated  length  of  120  cm.  The  nano¬ 
particles  are  collected  on  a  glass  fiber  filter  placed  in  the  collection 
chamber,  which  is  held  above  120  °C  to  eliminate  water  conden¬ 
sation.  The  pressure  within  the  system  is  kept  at  900  mbar  by 
a  vacuum  pump  and  an  automatically  operating  butterfly  valve.  The 
temperature  of  the  first  pyrolysis  zone  is  held  at  800  °C,  which  is  the 
first  heating  zone  of  the  tube  furnace  after  the  nebulizing  chamber. 
The  two  following  zones  are  kept  at  750  °C.  After  the  collection  of 
the  nanoparticles,  NaCl  in  the  as-synthesized  powder  is  washed  out 
thoroughly  using  deionized  water  by  centrifuging. 

2.2.  Powder  characterization 

X-ray  diffraction  measurements  (Bruker  AXS  D8  Advance, 
Karlsruhe,  Germany)  are  carried  out  in  Bragg-Brentano  geometry 
using  CuKa  radiation  with  an  energy  dispersive  detector  (Bruker 
AXS,  Sol-X)  from  15°  to  85°  with  a  step  size  of  0.02°  and  a  scan  rate 
of  5  s  step-1.  The  XRD  patterns  are  analyzed  by  Rietveld  refinement 
using  the  software  of  Topas  3.0  (Bruker  AXS,  Karlsruhe,  Germany). 

The  microstructure  of  the  samples  is  investigated  by  high- 
resolution  scanning  electron  microscopy  (HRSEM)  using  a  Philips 
XL30  FEG.  Gold-palladium  is  sputtered  onto  the  samples  to  prevent 
electrical  charging.  The  specific  surface  area  of  the  as-prepared 
powder  is  determined  by  nitrogen  adsorption  measurements 
using  a  Quantachrome  Autosorb-3b  instrument  (Quantachrome, 
Boynton  Beath,  FL).  Each  sample  is  degassed  for  24  h  at  150  °C  in 
vacuum  prior  to  the  measurement.  The  isotherms  are  analyzed 
using  the  BET  method  [39]. 

2.3.  Preparation  of  stabilized  dispersions  of  LSC  and  LSC-GDC 
nanocomposites 

To  prepare  stabilized  dispersions  of  LSC,  the  washed  powder  is 
dispersed  in  an  aqueous  NH3  solution  (pH  =  10)  and  sonicated  for 
30  s  using  a  compact  ultrasonic  laboratory  device  (Hielscher 
UP400H,  Teltow,  Germany).  For  further  stabilization  of  the  disper¬ 
sions,  the  polyalcohol-based  stabilizer  KX9009  (Zschimmer  & 
Schwarz  GmbH,  Lahnstein,  Germany)  is  used.  Nanocomposite 
dispersions  of  LSC-GDC  (10-40  wt%)  are  prepared  by  adding 
commercial  GDC  nanopowder  (Ceria-20  wt%  gadolinium,  100  m2  g-1, 
Sigma-Aldrich,  Steinheim,  Germany)  to  the  stabilized  LSC  disper¬ 
sions  followed  by  30  s  sonication  of  the  dispersion  to  ensure 
homogeneous  mixing.  Zeta  potential  measurements  of  the  stabilized 
dispersions  of  the  LSC  and  GDC  nanopowders  are  performed  using 
a  ZetaSizer  Nano  SZ  (Malvern  Instrument,  Worcestershire,  UK). 

2.4.  Thin  film  preparation  and  electrochemical  characterization 

For  the  electrochemical  characterization,  cathode  thin  films  of 
LSC  and  LSC-GDC  nanocomposite  are  prepared  using  spin  coating. 
A  symmetrical  geometry  on  polycrystalline  YSZ  substrates  (200  pm 
thickness,  8  mol%  yttria,  Itochu,  Japan)  was  employed.  In  order  to 
avoid  chemical  reactions  between  LSC  and  YSZ,  GDC  thin  films  are 
deposited  as  a  buffer  layer  by  spin  coating  of  the  stabilized  GDC 
dispersion  prior  to  the  deposition  of  the  active  cathode  layers. 
Subsequently,  the  GDC/YSZ/GDC  samples  are  heat  treated  at  950  °C 
for  2  h.  The  LSC  and  LSC-GDC  (10-40  wt%)  cathode  thin  films  with 
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thicknesses  of  about  250  nm  and  500  nm  are  deposited 
symmetrically  on  the  GDC/YSZ/GDC  substrates  by  spin  coating  of 
stabilized  dispersions,  followed  by  sintering  at  550  °C  for  1  h  to 
obtain  good  connectivity  between  the  nanoparticles  within  the 
cathode  layers.  As  a  current  collector  layer,  a  commercial  LSM 
((Lao.8Sr0.2)o.95Mn03)  paste  (mean  particle  size  of  d50  =  0.39  pm, 
specific  surface  area  of  4.66  m2  g_1,  Nextech  Materials,  Lewis 
Center,  OH)  is  screen-printed  (mesh  325)  symmetrically  on  each 
sample.  The  thickness  of  the  porous  current  collector  layer  is 
determined  to  be  10  pm  from  cross-sectional  HRSEM  micrographs. 
Subsequent  to  screen  printing,  the  current  collector  layers  are  dried 
for  12  h  at  80  °C. 

The  electrochemical  characterization  of  the  symmetrical  cells  is 
conducted  via  Electrochemical  Impedance  Spectroscopy  (EIS)  by 
using  a  Solartron  1260  frequency  response  analyzer.  The  impedance 
measurements  are  performed  at  electrochemical  equilibrium  (zero 
DC  bias)  by  applying  an  AC  signal  with  20  mV  amplitude  over 
a  frequency  range  of  0.05  Hz-1  MHz.  Each  sample  is  measured  in  the 
temperature  range  from  650  °C  to  450  °C  with  steps  of  50  °C.  All 
impedance  measurements  are  acquired  after  the  temperature  of 
the  sample  is  stabilized.  The  sample  is  positioned  between  two 
alumina  pieces.  The  contact  sides  of  the  alumina  pieces  are  slotted 
to  allow  proper  gas  access  to  the  sample.  Platinum  gauze  (mesh 
100)  is  used  as  a  metallic  electrode  and  two  platinum  wires  are 
spot-welded  on  each  gauze  to  serve  as  current  and  voltage  probes. 
The  proper  contact  between  the  sample  and  platinum  gauzes  is 
achieved  by  the  weight  of  an  alumina  block.  The  impedance  spectra 
are  analyzed  by  using  ZView  2.90  (Scribner  Associates,  Inc.). 

3.  Results  and  discussion 

3.1.  Microstructure  and  XRD  analyses 

Fig.  la  shows  the  typical  hollow  sphere  morphology  of  as- 
synthesized  LSC  powder  obtained  by  citric  acid  assisted  spray 


Fig.  2.  X-ray  diffraction  patterns  of  LSC  nanoparticles  before  and  after  washing  of  NaCl 
and  Rietveld  refinement  for  washed  LSC  nanopowder. 


pyrolysis  [40,41].  The  powder  consists  of  hollow  spheres  with 
diameters  in  the  range  of  0.5—5  pm  and  very  thin  shells.  Even 
though  the  hollow  spheres  are  in  micron  size  in  diameter,  they 
consist  of  thin  shells  comprising  nanocrystallites  and  it  is 
expected  that  the  shells  can  be  easily  broken  into  very  fine  initial 
nanoparticles.  Nevertheless,  attempts  to  improve  the  morphology 
by  application  of  ultrasonic  energy  have  not  been  sufficient  in 
case  of  LSC  and  the  shells  are  not  broken  up  completely  into  the 
primary  nanoparticles,  as  seen  in  Fig.  lb.  On  the  other  hand, 
Fig.  lc  shows  the  typical  morphology  of  as-synthesized  LSC  powder 


Fig.  1.  Scanning  electron  micrographs  of  (a)  as-synthesized  LSC  powder  prepared  by  citric  acid  assisted  spray  pyrolysis,  (b)  LSC  powder  after  ultrasonication,  (c)  as-synthesized  LSC 
powder  prepared  by  salt  assisted  spray  pyrolysis,  and  (d)  LSC  powder  after  washing. 
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Fig.  3.  Zeta  potential  and  particle  size  distribution  (inset)  of  LSC  and  GDC 
nanoparticles. 

obtained  by  salt  assisted  spray  pyrolysis.  Instead  of  the  hollow 
sphere  morphology,  as-synthesized  powders  reveal  a  collapsed 
agglomerated  sphere  morphology.  As  it  is  confirmed  in  Fig.  Id,  the 
removal  of  salt  by  washing  of  the  as-synthesized  powder  leads  to 
an  improvement  of  the  morphology  by  a  reduction  of  the  degree  of 
agglomeration.  The  salt  (NaCl)  phase  within  the  powder  behaves  as 
a  filler  to  prevent  the  further  agglomeration  and  sintering  of  the 
individual  nanoparticles  [42].  Therefore,  as-synthesized  powder 
can  be  used  immediately  after  washing  as  a  raw  material  for 
functional  cathode  layers. 


XRD  patterns  of  LSC  powders  before  and  after  washing  are 
shown  in  Fig.  2.  As-synthesized  powder  consists  to  a  large  fraction 
of  NaCl,  but  without  any  indication  of  a  reaction  between  LSC  and 
NaCl.  From  the  XRD  patterns  of  washed  powder,  it  is  evident  that 
NaCl  is  completely  removed  from  the  system  by  the  chosen 
procedure.  The  Rietveld  refinement  of  XRD  pattern  (ICSD  #82817) 
of  washed  LSC  powder  indicates  the  formation  of  a  nanocrystalline 
single-phase  perovskite  structure.  Atomic  absorption  spectroscopy 
(AAS)  measurements  of  the  washed  LSC  powder  verify  the 
complete  removal  of  NaCl.  The  average  crystallite  size  is  calculated 
to  be  approximately  7  nm  from  the  refinement.  The  specific  surface 
areas  of  the  LSC  powders  obtained  from  salt-assisted  (washed 
powder)  and  non-salt-assisted  spray  pyrolysis  methods  under  the 
same  synthesis  conditions  are  found  to  be  60  m2  g-1  and  39  m2  g  \ 
respectively.  It  is  observed  that  salt-assisted  synthesis  of  LSC 
nanoparticles  leads  to  a  surface  area  enhancement  of  50%. 


3.2.  Characterization  of  dispersions 

Zeta  potential  measurements  are  performed  to  predict  the 
stability  of  the  dispersions  of  LSC  and  GDC  nanoparticles.  Fig.  3 
shows  the  zeta  potential  as  a  function  of  pH  of  the  aqueous  LSC 
and  GDC  dispersions.  The  Zeta  potential  curves  for  both  materials 
indicate  that  the  nanoparticles  have  the  highest  degree  of  disper¬ 
sion  stability  at  pH  values  in  the  range  of  approximately  9-12  since 
the  Zeta  potential  measurements  show  values  greater  than  30  mV 
(absolute  value).  Based  on  this  result,  the  electrosteric  stabilization 
mechanism  (combination  of  electrostatic  and  steric  stabilizations) 
is  employed  to  control  the  stability  of  the  dispersions.  For  further 
experiments  using  spin  coating,  the  nanoparticles  were  dispersed 
at  pH  =  10.  Particle  size  distribution  measured  at  pH  =  10  (Fig.  3, 
inset)  shows  the  medium  particle  diameter  of  44  nm  and  33  nm  for 
LSC  and  GDC  nanoparticles,  respectively. 


Fig.  4.  Scanning  electron  micrographs  (a)  and  (b)  of  cross-sections  of  LSC-GDC  nanocomposite  functional  layers  (obtained  from  salt-assisted  spray  pyrolysis  method)  with  different 
thicknesses  coated  on  YSZ  substrate  with  a  GDC  interlayer,  (c)  of  LSC  functional  layer  (obtained  from  salt-assisted  spray  pyrolysis  method)  on  YSZ  substrate  without  GDC  interlayer, 
and  (d)  of  LSC  functional  layer  obtained  from  non-salt-assisted  spray  pyrolysis  method. 
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3.3.  Electrode  fabrication  and  electrochemical  characterization 

The  scanning  electron  micrographs  in  Fig.  4a— c  shows  the  cross- 
section  of  spin  coated  LSC  (Fig.  4c)  and  LSC-GDC  nanocomposite 
(Fig.  4a,  b)  functional  layers  with  thicknesses  between  250  and 
500  nm,  which  are  obtained  from  salt-assisted  spray  pyrolysis 
method.  It  is  evident  that  both  functional  cathode  layers  and  GDC 
interlayers  are  continuous  and  homogeneous  in  thickness  and  that 
proper  contact  between  the  layers  has  been  achieved.  The  thickness 
of  the  LSC  functional  layer  can  be  controlled  within  the  range  of 
150-500  nm  by  adjusting  the  concentration  of  the  dispersion  and 
the  parameters  of  the  spin  coating.  The  thickness  of  GDC  interlayer 
is  set  to  approximately  300  nm.  The  SEM  image  in  Fig.  4d  shows  the 
cross-section  of  the  spin  coated  LSC  functional  layer  which  is 
derived  from  non-salt-assisted  spray  pyrolysis  method.  The  layers 
are  not  appropriate  for  thin  film  SOFC,  since  they  consist  of  hollow 
spheres  with  diameters  in  the  range  of  0.5—5  pm,  which  exhibit 
strong  agglomeration.  Since  the  attempts  to  improve  the 
morphology  of  the  starting  LSC  powder  by  the  application  of 
ultrasonic  energy  are  not  successful,  thin  film  processing  from 
such  samples  (Fig.  4d)  lead  to  thick  and  inhomogeneous  LSC 
functional  layers. 

Fig.  5  shows  representative  impedance  spectra  in  the  form  of 
a  Nyquist  plot  obtained  from  a  symmetrical  cell  with  the  layers  of 
LSC-30%GDC/GDC/YSZ/GDC/LSC-30%GDC  measured  in  the 
temperature  range  of  450-650  °C.  It  is  observed  that  the  imped¬ 
ance  spectra  consist  of  three  contributions:  series  of  resistance 
accounting  for  the  current  collection  and  ohmic  losses  in  the  cell, 
high  frequency  arc  originating  from  the  electrolyte,  and  low 
frequency  depressed  semi-circle  which  is  typical  for  the  oxygen 
reduction  at  porous  mixed  ionic  electronic  electrodes  such  as  LSC 
[20]. 

Fig.  6a  shows  the  temperature  dependence  of  oxygen  reduction 
ASR  for  pure  LSC  and  LSC-GDC  (10-40  wt%)  composite  cathodes.  A 
good  linearity  between  the  ASR  of  cathode  and  the  reciprocal 
temperature  is  obtained  in  the  temperature  range  of  450-650  °C. 
The  decrease  of  ASR  upon  increasing  the  thickness  proves  that 
oxygen  exchange  at  the  perovskite-air  interface  is  indeed  a  rate¬ 
determining  step  of  the  oxygen  reduction  reaction.  The  activation 


Fig.  5.  Representative  impedance  spectra  of  a  symmetrical  cell  with  nanocomposite 
cathode  thin  film  of  LSC-30  wt%  GDC  measured  in  the  temperature  range  of  450- 
650  °C  in  air. 


3  Temperature  (°C) 


1.1  1.2  1.3  1.4 


103/T  (K ') 


Fig.  6.  The  two  graphs  depict  (a)  dependence  of  area  specific  resistance  (ASR)  on 
operating  temperature  for  LSC  and  LSC-GDC  composite  cathode  thin  films  and  (b) 
dependence  of  area  specific  resistance  (ASR)  on  GDC  content  at  different  operating 
temperatures. 


energies  of  1.42  ±  0.03  eV  and  1.41  ±  0.05  eV  are  calculated  for  the 
pure  LSC  cathode  layers  with  thicknesses  of  250  and  500  nm, 
respectively,  which  is  in  good  agreement  with  the  activation 
energies  of  1.41  eV  for  Lao.6Sr0.4Co03_«5  thin  films  obtained  by  metal 
organic  deposition  [23],  1.40  eV  [21]  and  1.52  [43]  for 
Lao.6Sro.4Co03_,5  thin  films  by  PLD.  The  activation  energies  of 
1.13  ±  0.06, 1.07  ±  0.03, 1.22  ±  0.03  and  1.19  ±  0.02  eV  are  deter¬ 
mined  for  the  LSC-GDC  nanocomposite  cathode  layers  for  10,  20, 
30  and  40  wt%  GDC  concentrations,  respectively.  In  Table  1,  the  ASR 
value  obtained  in  this  work  is  compared  to  those  reported  in  the 
literature  for  thin  porous  LSC  electrodes  with  similar  microstruc¬ 
tures.  It  appears  that  a  trend  exists  between  grain  size  and  ASR. 
Smaller  grain  sizes  lead  to  electrodes  with  higher  pore  wall  surface 
area  for  oxygen  exchange. 

Fig.  6b  emphasizes  the  evolution  of  the  change  in  ASR  values 
with  respect  to  the  fraction  of  GDC.  It  is  apparent  that  the  addition 
of  GDC  nanoparticles  into  the  LSC  nanostructure  enhances  the 
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Table  1 

Area  specific  resistance  (ASR)  values  of  LSC  thin  film  cathodes  prepared  by  different 
deposition  methods. 


Cathode  material 

ASR  (Q  cm2) 
at  600  °C 

Deposition 

method 

Thickness 

(nm) 

Grain 

size 

(nm) 

Reference 

Lao.6Sro.4Co03_<5 

5.54 

Spin  coating 

250 

44 

This  work 

Lao.6Sro.4Co03_«5 

0.96 

Flame  spray 
deposition 

200 

34 

[43] 

Lao.6Sro.4Co03_«5 

0.023 

Metal 

organic 

deposition 

200 

17 

[23] 

electrochemical  performance  of  the  cathode  functional  layers.  A 
similar  approach  to  improve  electrochemical  activity  of  LSC 
cathode  layers  has  also  been  reported  [44,45].  However,  further 
increase  of  GDC  content  in  LSC  leads  to  higher  polarization 
losses.  The  similar  trend  between  the  ASR  and  the  GDC  composition 
for  the  same  material  system  has  been  reported  by  Tao  et  al.  [44].  It 
is  not  the  scope  of  this  paper  to  discuss  in  detail  the  oxygen 
reduction  mechanism  and  kinetics  of  complex  composite  structure 
involving  mixed  ionic  electronic  conductors,  yet  the  lower  ASR 
values  for  LSC-GDC  nanocomposite  cathodes  may  indicate  that 
introduction  of  GDC  nanoparticles  enhances  the  reaction  kinetics 
by  creating  triple  phase  boundary  (LSC/GDC/air)  at  which  the 
oxygen  could  be  reduced  in  parallel  to  the  pathway  through  the 
bulk  of  the  LSC. 

4.  Conclusion 

In  this  work,  the  applicability  of  salt-assisted  spray  pyrolysis  for 
the  synthesis  of  nanocrystalline  LSC  cathode  materials  character¬ 
ized  by  a  low  degree  of  agglomeration  is  successfully  demonstrated. 
Microstructural  characterization  reveals  that  the  morphology  of  the 
as-synthesized  powder  is  improved  significantly  after  the  removal 
of  salt  without  the  need  of  further  processing  compared  to  nano¬ 
powders  synthesized  through  conventional  spray  pyrolysis 
methods.  Thin  film  cathodes  (250  nm)  of  pure  LSC  and  LSC-GDC 
nanocomposites  (10-40  wt%)  suitable  for  micro-SOFC  applica¬ 
tions  are  prepared  by  a  single-step  spin-coating  of  stabilized 
dispersions.  The  thickness  of  LSC  functional  layer  is  controlled 
within  the  range  of  150-500  nm  by  adjusting  the  dispersion 
concentration  and  spin  coating  parameters.  As  one  of  the  major 
advantages  of  the  proposed  method,  it  should  be  mentioned  that 
there  is  no  need  for  high  temperature  sintering  of  the  thin  films  to 
obtain  the  desired  LSC  phase.  The  novel  method  offers  an  inex¬ 
pensive,  versatile  and  easily  scalable  thin  film  processing  method 
compared  to  conventional  vacuum  based  thin  film  fabrication 
techniques,  such  as  PLD  and  CVD.  Electrochemical  characterization 
shows  that  introduction  of  GDC  nanoparticles  into  the  LSC  nano¬ 
structure  enhances  the  cathode  activity. 

The  future  work  will  focus  on  detailed  chemical  and  micro- 
structural  analysis  of  the  nanoparticulate  LSC  and  LSC-GDC  thin 
film  cathodes  to  gain  more  understanding  on  the  electrochemical 
processes  within  the  functional  layers.  The  synthesis  method  will 
be  modified  to  obtain  LSC  nanoparticles  with  smaller  grain  size, 
which  can  improve  the  electrochemical  performance  of  the  LSC 
electrodes.  Furthermore,  long-term  stability  and  degradation  of  the 
material  will  be  investigated. 
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